Introduction
The progress of land plant evolution is marked by increasing enclosure of the female gametophyte (see Table 1 for glossary of terms). Ancient plants, such as ferns, carry out sexual reproduction on a moist open surface where the egg cell is freely available for fertilization by mobile sperm. In gymnosperms, such as the cone-bearing conifers, sperm are transported by growing pollen tubes to egg cells enclosed within ovules that are exposed and available for fertilization. In angiosperms (flowering plants), egg cells develop in ovules that are sequestered within the ovary, an enclosed part of the female-specific organ called the carpel. The relative inaccessibility of the female gametophyte makes it difficult for the pollen tube to approach the egg, and angiosperms have formed a specialized set of tissues to interact with the growing pollen tube to facilitate fertilization. These tissues are collectively known as the female reproductive tract and consist of the stigma, style, transmitting tract, and funiculus ( Figure 1 ). Despite its fundamental role in plant reproduction, relatively little is known about the genetics of reproductive tract formation and function. Nevertheless, interest in this area is growing and rapid progress can be anticipated.
Here we offer a short review of the genetics of reproductive tract formation and function in the model plant Arabidopsis thaliana and others. The progress of a pollen tube is followed from initial attachment to the stigma, to completion of fertilization, with reproductive tract function and genetics being discussed en route. Other recent reviews offer updates in the specific areas of self-incompatibility, pollen tube guidance/ attraction, and fertilization mechanisms [1] [2] [3] [4] .
The Female Reproductive Tract
The Stigma and Style The stigma, a specialized tissue at the beginning of the female reproductive tract, consists of elongated papillary cells involved in the initial stages of pollen adhesion, hydration, germination, and pollen tube production. Although pollen tubes can germinate and grow in vitro and on tissues without a cuticle, their ability to target ovules is dramatically reduced in the absence of a specific interaction with stigmatic cells [5] . A particularly important pollen-stigma interaction in many plants is the self-incompatibility response whereby self-fertilization is prevented by blocking hydration and germination of pollen [1] .
Although few studies have focused specifically on the genetics of stigma development, one gene product that is known to play an important role is the basic helix-loop-helix (bHLH) transcription factor SPATULA (SPT). The Arabidopsis spt mutant shows dramatic alterations in both stigma and style, as well as defects in interior carpel development and seed germination [6, 7] . Although misexpression of SPT alone does not produce an abnormal phenotype, when the SPT protein is fused to a strong transcriptional activation domain (VP16) and is then misexpressed, stigma-and style-like cells appear at the apex of the sepals [8] . SPT, therefore, depends on other tissue-specific genes for functionality during development. Recently identified candidates for the carpel specificity of SPT are the functionally redundant HECATE genes (HEC1, HEC2, and HEC3), which also encode bHLH transcription factors. It was shown that the HEC proteins are capable of heterodimerizing with SPT in yeast two-hybrid assays [9] . Partnership with SPT is probably related at least in part to the fact that all three HECs lack a critical amino acid residue, present in SPT, that is thought to be necessary for DNA binding [9, 10] . A hec1;hec3 double mutant has stigma, style, and interior carpel defects equivalent to those of a weak spt mutant, while hec1;hec2;hec3 RNAi plants are completely infertile and display developmental defects more severe than spt mutants [9] . Misexpression of the HEC genes leads to ectopic production of stigmatic tissue, suggesting that they are necessary and sufficient for stigmatic tissue development.
The style connects the stigma to the ovary chamber and can vary considerably in length in different plant species (Figure 1 ). In lily, the style is very long and has an open structure, whereas, in Arabidopsis, it is quite short and closed. In Arabidopsis, the transmitting tract begins within the style at the stigma-style boundary and extends to the base of the ovary. The transmitting tract is involved in facilitating pollen tube movement and has been proposed to have multiple roles in guidance, nutrition, defense, and adhesion [11] . It produces copious amounts of extracellular matrix (ECM), a complex mixture of polysaccharides, glycoproteins, and glycolipids that can be readily observed through microscopy using stains for acidic polysaccharides [12] . Pollen tubes are able to germinate and grow in vitro but never grow as fast as they do in vivo, leading to the suggestion that the pollen tube interacts with components of the transmitting tract [4, [13] [14] [15] . Several genes have been identified that are involved in style differentiation, but none appears to be specifically dedicated to this tissue and no mutant has been reported that lacks only a style. Members of the SHORT INTERNODE (SHI) family, which encode zinc-finger transcription factors, are known to be expressed in the style of developing carpels [16] . Mutations in one member, STYLISH1 (STY1), cause a small defect in style development, whereas multiple mutant combinations of this family severely disrupt apical carpel development. These mutant combinations also have aberrant leaf phenotypes [16] . Misexpression of STY1 causes style-like tissue to form in other regions of the carpel but not in leaves [17] , indicating that STY1 achieves its specificity in the carpel by working in combination with some other carpel factor, much like SPT.
The Septum and Transmitting Tract
The septum in Arabidopsis is the central tissue running from the apex to the base of the ovary inside the carpel (Figure 1) . Ovules arise at the septum's boundary with the carpel walls, and the transmitting tract runs down its center. Pollen tubes enter the ovary transmitting tract from the style and travel basally within the ovary except when diverging laterally to fertilize ovules. The NO TRANSMITTING TRACT (NTT) gene has recently been shown to be required for formation of the ovary transmitting tract, and in ntt mutants, pollen tubes are unable to migrate efficiently through this region [18] . NTT encodes a zinc-finger transcription factor, and ntt mutants are defective in ECM production (as monitored by staining for acidic polysaccharides) and in developmentally regulated cell death that normally occurs within the transmitting tract.
The loss of a functional transmitting tract in ntt mutants has a significant impact on fertility. Although ntt fruit set 40% as much seed as wild-type fruit, strikingly, nearly all of these seeds develop in the upper or apical portion of the mutant fruit. The explanation for this phenotype apparently derives from the fact that pollen tube movement is severely impaired in ntt mutants due to the absence of a functional transmitting tract. Interestingly, although pollen tube movement in ntt mutants is inhibited in the ovary, pollen tube movement through the transmitting tract within the style is normal. The ntt mutant phenotype demonstrates the important role of the transmitting tract in Arabidopsis as one of facilitating apical to basal movement of pollen tubes within an elongated ovary.
A number of additional genes also play a role in the formation and/or function of the transmitting tract, although their roles could be upstream of NTT. For example, the SPT and HEC genes, which were discussed above in the context of stigma and style development, are necessary for formation of the septum and, thus, indirectly influence formation of the transmitting tract [6, 9] . In addition, AUXIN RESPONSE FACTOR (ARF) genes mediate auxin control of a wide variety of functions within the carpel, including formation of the reproductive tract. Two closely related ARFs of particular interest are ARF6 and ARF8, both of which show expression in the style, transmitting tract, and funiculus. The femalespecific arf8 mutant was originally identified by virtue of its parthenocarpic fruit phenotype and named FRUIT WITHOUT FERTILIZATION (FWF) [19, 20] . The fertilization pattern of arf8 mutants is similar to that of ntt mutants, with a loss of basal seed in the fruit, indicating that apical to basal pollen tube movement within the carpel is likely to be inhibited [21] . ARF8 was subsequently found to act in a redundant fashion with ARF6 [22] , and arf6;arf8 double mutants have a severe phenotype wherein floral buds do not open, and male and female reproductive organs fail to mature. The recent identification of downstream targets of these genes should help provide insights into their roles in the transmitting tract [22] .
In addition to being regulated by auxin, ARF6 and ARF8 are also controlled post transcriptionally [23] . The mir167 microRNA prevents functional ARF6 and ARF8 gene products from being made in ovules and carpel valves, and this downregulation is apparently critical since a miRNAresistant derivative of either ARF6 or ARF8 causes infertility when misexpressed.
Transmitting-Tract Cell Death
In hollow, open styles like those of lily, pollen tubes move along epidermal secretions produced by transmitting-tract cells lining the style. Such relative freedom of movement is not available in the closed transmitting tract of Arabidopsis, where there is no open space surrounding the cells. Studies in both tobacco [24] and Arabidopsis [18] have shown that death and degeneration of transmitting-tract cells is important for pollen tube movement ( Figure 2 ). An obvious reason, though certainly not the only one, is that cell death facilitates passage by removing physical barriers. Degradation of the transmitting tract in Arabidopsis is a developmentally controlled process initiated before anthesis, probably to ensure smooth passage of early arriving tubes or tubes that are sparse in number. Pollination plays an added role insofar as pollinated carpels show more breakdown than unpollinated carpels [18] . The observation that, in Arabidopsis, transmitting-tract cell death does not occur in the style but does occur within the septum indicates that the transmitting tract of the style and ovary are functionally different (B. Crawford, unpublished observations). Recent studies on the VANGUARD1 (VGD1) gene, a member of the pectin methylesterase (PME) family, are relevant with regard to pollen-mediated enhancement of transmitting-tract degradation [25] . PME proteins control esterification of cell wall pectin, breaking down or stiffening cell walls depending on conditions of action, such as pH levels [26] . Pollen tubes produce a number of PME proteins, including VGD1, which is specifically expressed in pollen tubes [27] . Defects in cell wall modifications necessary for pollen tube growth cause a reduction in fertility in vgd1 mutants and premature bursting in vgd1 pollen tubes grown in vitro [25] . The VGD1 protein was observed to be specifically localized to the membrane and cell wall of the pollen tube, so extracellular transport and a role for VGD1 in aiding transmitting-tract cell death is an intriguing possibility.
Little is currently known about the mechanism(s) of transmitting-tract cell death, although the involvement of the ECM is a strong possibility. Arabinogalactan proteins (AGPs), constituents of the ECM, have the potential to regulate cell death [28] , and the onset of ECM production and cell breakdown are coincident (Figure 2) . The absence of cell death in the ntt transmitting tract could be directly linked to a loss of ECM production [18] . Many other genes expressed in the style and transmitting tract produce proteins that could alter cell walls [29] . Since cell death in the Arabidopsis carpel is restricted to transmitting-tract tissue and does not occur in the epidermal layers of the septum, identifying genes that are exclusively expressed in the transmitting tract but not in the septum epidermis could reveal those genes that are particularly important for transmitting-tract cell death.
Apical to Basal Pollen Tube Movement
Pollen tubes move in an essentially linear fashion, apically to basally, within the transmitting tract. Such directionality is undoubtedly linked to the mechanism of tip growth, but the question also arises as to what role, if any, might be played by the transmitting tract in terms of nutrient support, diffusible signal molecules, adhesion-mediated guidance, etc. Important early work by Sanders and Lord [30] showed that inert latex beads are transported within the transmitting tract of several different species of plants at a speed similar to that of pollen tube growth, revealing an active role for the transmitting tract in mediating pollen tube movement. While Lord has since questioned whether the latex beads used in these experiments were truly inert and suggested that they might actually have carried an electrostatic charge (glass beads were found not to be similarly transported), the experiments nevertheless eliminate the need to postulate a chemical model for directing apical-basal pollen tube growth [31] . This includes the idea that metabolism, or consumption, of a transmitting-tract component sets up a concentration gradient with the highest concentration always preceding the tube, necessarily in the basal direction. Although involvement in directional guidance seems unlikely, metabolism of transmitting-tract ECM as a means of promoting overall pollen tube growth is almost certainly important, as shown by recent studies on genes such as COMATOSE (CTS) and others involved in b-oxidation processes [32] .
Pollen Tube Exit from the Transmitting Tract
The epidermis of the septum does not undergo cell breakdown and presents the final physical barrier to the pollen tube before reaching the ovule. The mechanism by which pollen tubes grow through septum epidermal cells is largely unknown but appears associated with localized degradation of the overlying cuticle [12] . One of the most compelling unanswered questions with regard to pollen tube movement is how a pollen tube 'decides' when to stop apical to basal movement within the transmitting tract and begin moving laterally toward ovules. No mutants or genes have yet been identified as specifically influencing this process. A completely stochastic mechanism, in which tubes randomly exit the transmitting tract and septum at the earliest opportunity, has not been excluded but seems inconsistent with observations. Single pollination experiments showed that when limiting amounts of pollen were applied to stigma, a distinct peak of fertilization and seed set occurred near the center of the ovary [18] . Microscopic examination of anilineblue stained pollen tubes confirmed a preference for individual tubes to travel toward the center of the ovary rather than exiting sooner at more apical locations. Equivalent results were found for the ntt mutant, with the peak of fertilization being shifted more apically in keeping with the overall mutant phenotype. Early microscopy work by Hü lskamp et al. [33] also argues against a random process of tube emergence insofar as mutations affecting ovule development had a strong effect on tube behavior, indicating pollen tubes somehow sense target availability exterior to the transmitting tract.
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Pollen Tube Movement from Septum Surface to Funiculus, to Micropyle
Once a pollen tube exits the septum epidermis, it must travel over the septum surface until reaching a funiculus and must then traverse the surface of the funiculus to reach the micropylar opening of an ovule. Signaling is clearly involved since growth toward a funiculus depends on initiation of a female gametophyte within the ovule. Tubes did not approach the funiculus of ovules in which the female gametophyte had been genetically removed [33, 34] , but gametophytes with later developmental defects were fully able to attract pollen tubes to their funiculus [35] . One possibility is that a signal emanates directly from the female gametophyte at an early stage of development. This signal would be maintained throughout female gametophyte development until a pollen tube grows onto the funiculus. Alternatively, initiation of the female gametophyte could somehow trigger the funiculus tissue to be receptive to pollen tubes. In this case, the correct development of the funiculus may depend on the initiation of an ovule. Whether this relationship between the ovule and funiculus might also play a role in directing pollen tubes out of the septum transmitting tract and onto the funiculus is an open question. The nature of the molecular signals guiding the pollen tube away from the septum are not established, but a possible role for g-amino butyric acid (GABA) is indicated by studies involving the pollen-pistil interaction 2 (pop2) mutant [36] . GABA levels are normally distributed throughout tissues of the reproductive tract such that a gradient for directing pollen tube growth can be envisioned with increasing concentrations along the pollen tube path, and the highest GABA levels occurring in a subset of the inner integument of the ovule. The POP2 gene encodes a transaminase that is required for clearing GABA, and in a pop2 mutant, GABA levels become uniformly high throughout much of the reproductive tract, eliminating the presumed gradient. Pollen tubes in a self-crossed pop2 mutant stall frequently on the septum or fail to target ovules properly, and plants show reduced fertility. Thus far, however, it has not been possible to specifically demonstrate a chemoattractant role for the GABA molecule, although pollen tube growth was sensitive to its presence in vitro.
Typically only a single pollen tube is observed on each funiculus, indicating that a mechanism exists to prevent polyspermy by restricting late-arriving pollen. In the female gametophytic mutants magatama1 (maa1) and magatama3 (maa3) there were often twice as many pollen tubes per funiculus as wild-type gametophytes [35] . In addition, targeting to the micropyle in these mutants was often disrupted and tubes wandered aimlessly. When two pollen tubes were observed on the same funiculus in these mutants, they grew in parallel on opposite sides of the structure, indicating a repulsive force between them. The nature of this repulsive force is unclear, but it is interesting that pollen tubes have been shown to produce an abrupt turn of over 90 degrees or more away from a source of nitric oxide in vitro [37] . So far, nitric oxide is the only chemical known that is capable of causing such an abrupt alteration in growth polarity for pollen tubes.
Pollen Tube Entry into the Micropyle
The ovule in Arabidopsis consists of five integument cell layers surrounding an embryo sac, which contains the egg cell [38] . Access to the embryo sac is through the micropylar opening in the integuments (Figure 3) . Two synergid cells within the ovule border the micropyle. For fertilization to occur, a pollen tube entering from the funiculus must first find its way to the micropyle to reach the embryo sac and then target one of the two synergid cells before bursting to release the sperm cells. One sperm cell then fertilizes the egg while the other combines with the central cell to create the primary endosperm cell [38] .
Studies have shown that attraction to, and entry into, the micropyle from the funiculus is dependent on a signal produced by the female gametophyte. The role of the synergids in producing this signal in Torenia fournieri was demonstrated by physical cell ablation (Figure 3) . The female gametophyte of Torenia is malleable for such studies since it extrudes through the micropyle outside the integuments. Ablation of one synergid cell reduced the ability of the female gametophyte to attract pollen tubes, and ablation of both led to the complete loss of pollen tube attraction [39] .
Genetic evidence for the importance of the synergid cells in attracting pollen tubes to the micropyle comes from analysis of the myb98 mutant in Arabidopsis [40] . The MYB98 gene was identified by comparing the transcriptional profiles of all MYB transcription factors between wild-type plants and a mutant lacking the female gametophyte [40] . MYB98 was subsequently shown to be specifically expressed in the synergid cells. Examination of loss-of-function mutants of MYB98 showed that myb98 alleles caused a defect in the filiform apparatus of the synergid cells, a thickened area of secondary cell wall resembling finger-like projections that extends from the end of the synergid cells, near the micropylar pole, into the interior of the synergid cytoplasm. The myb98 mutants lacked the finger-like projections of the filiform apparatus, and mutant female gametophytes were correspondingly unable to attract pollen tubes into the micropyle (Figure 3 ). This indicates that the filiform structure within the synergid cells is critical for producing an attractant signal for pollen tubes. Efforts were recently made to find the genes responsible for signal production [41] . Among those genes identified as downregulated in myb98 mutants, several were expressed in the filiform apparatus and encode products likely to be secreted proteins. Unfortunately, loss-of-function studies involving these genes have so far not produced a mutant phenotype [41] .
In maize, a gene named EA1 has been identified as encoding a micropylar signal for pollen tubes [42] . EA1 is a small 94 amino-acid protein with a transmembrane domain, and studies utilizing green fluorescent protein (GFP) suggest that EA1 is secreted into the micropyle. Loss-of-function derivatives of EA1 generated with RNAi resulted in reduced seed set in some lines. EA1 has no known homologue in Arabidopsis, but the maize studies make plausible the idea that a secreted signal essential for micropylar guidance may also exist in Arabidopsis. EA1 is expressed in the egg cell as well as in the synergids, raising the possibility that other cells might also be involved in producing the micropylar attractant. Indeed, another study involving the characterization of the central cell guidance (ccg) mutant has suggested a role for the central cell in attracting pollen tubes to the micropyle [43] . The CCG gene encodes a potential transcriptional regulator expressed solely in the central cell of the female gametophyte. Loss-of-function studies showed that pollen tubes are unable to enter the micropyle in a ccg mutant. Confirming that the ccg mutant phenotype is related solely to the central cell, the pollen tube guidance defects can be rescued by central-cell-specific expression of the CCG protein [43] . Morphology and development of the female gametophyte appeared to be quite normal in the ccg mutant, including expression of MYB98 in the synergid cells. Although these studies suggest that the central cell has an important role in pollen tube attraction, it cannot be ruled out that its involvement is indirect and reflects a requirement for the central cell in the maintenance of the female gametophyte [39] . Cell ablation studies in Tornea showed that, when the central cell was destroyed, the vast majority of the female gametophytes were unable to maintain their structure and deteriorated [39] .
A comprehensive mutational analysis was conducted targeting female gametophytic function and identified 130 mutants defective in many areas of development and function [44] . A subset of these, designated the unfertilized embryo sac (une) mutants, had six members that showed no alteration in female gametophytic structure but nevertheless displayed problems with either micropylar attraction or pollen tube growth abnormalities. Although the UNE genes were isolated, no biochemical function(s) could be deduced from their protein products. It is conceivable that the UNE genes participate in the transduction or reception of a signal for pollen tube guidance. Further characterization of these genes is eagerly awaited.
Pollen Tube Reception
The final stage of pollen tube travel involves the death of a synergid cell and bursting of the pollen tube to release sperm ( Figure 3) . The recently identified receptor kinase FERONIA (FER) is necessary for this process [45] [46] [47] . The FER protein, like MYB98, is localized to the filiform apparatus of the synergid cells, presumably in a position to receive any ligand required for pollen tube reception. In Arabidopsis, but not all angiosperms, direct interaction between the pollen tube and the synergid is required for synergid cell death to occur [48] . A model was proposed whereby the pollen tube produces a ligand that activates the FER receptor and leads to synergid cell death. According to this model, death of the synergid cell then results in the release of a specific factor or ligand that activates pollen-specific receptor kinases. This activated receptor is sensed by the pollen tube and causes it to burst. The authors note that the pollen tube overgrowth phenotype of fer mutants is similar to that of self-incompatibility responses in Rhododendron. Other studies used Arabidopsis lyrata, a plant that displays self-incompatibility and is closely related to Arabidopsis thaliana, which does not show self-incompatibility. A significant number of pollen tubes showed a phenotype resembling fer mutants when A. lyrata was crossed with A. thaliana. Thus, the putative FER ligand might also be involved in some aspects of pollen incompatibility [46] .
The FER model is only one example of the elaborate communication occurring between pollen tube and ovule when the two are in close proximity. Another gene involved in ovule-pollen-tube communication is ABSTINENCE BY MUTUAL CONSENT (AMC), which encodes a peroxin and is involved in controlling protein import into peroxisomes [49] . The amc mutants are similar in phenotype to fer mutants, but genetic analysis indicates that AMC and FER are in separate pathways. Interestingly, unlike fer mutants, amc mutants can be rescued by the presence of a single wild-type copy of the gene in either male or female tissue. This reciprocal relationship has been observed in several mutants with pollen tube growth defects [32, 36, 50] .
Future Directions
Angiosperms shelter the female gametophyte by enclosing it inside multiple layers of sporophytic tissue. A reproductive tract, composed of stigma, style, septum, and funiculus, has evolved to interact with the pollen tubes that deliver sperm to the egg. Little is currently known about the genes controlling development and function of reproductive tract tissues, particularly those concerned with the transmitting tract and with signaling. Clearly, the mechanistic processes whereby pollen tubes enter the carpel, and target and, ultimately, fertilize the egg, are multilayered and complex. The discovery of the FERONIA receptor kinase is an important piece of the genetic puzzle. It will be particularly interesting to identify and study the corresponding FERONIA ligand. One very interesting aspect of the fertilization process that has received little attention is developmentally controlled cell death within the transmitting tract. Breakdown clears a way for apical to basal pollen travel, provides nutrients for pollen tube growth, and might serve other functions. It will be important to determine whether genes governing ECM production are actively involved in transmitting-tract cell death. A topic of major importance concerns directional guidance mechanisms operating on pollen tubes. Shortrange communication in the micropyle region has been firmly established, and it is likely that additional signaling systems exist. A fascinating question is how pollen tubes change directional growth from apical to basal movement in the transmitting tract and move laterally to target a funiculus associated with an unfertilized ovule. Is a longer-range signaling system operative? Is adhesion important? Is there a role for a gaseous signal? The abundance of new technologies for studying and eliminating gene expression and creating mutants in Arabidopsis and other plants should ensure that these questions will soon be answered [18, 40, [51] [52] [53] .
